Anti-apoptotic Bcl-2 family proteins have been reported to play an important role in apoptotic cell death of human malignancies. The aim of this study was to delineate the mechanism of anti-apoptotic Bcl-2 family proteins in pancreatic cancer (PaCa) cell survival. We first analyzed the endogenous expression and subcellular localization of anti-apoptotic Bcl-2 family proteins in six PaCa cell lines by Western blot. To delineate the functional role of Bcl-2 family proteins, siRNA-mediated knock-down of protein expression was used. Apoptosis was measured by Cell Death ELISA and Hoechst 33258 staining. In the results, the expression of anti-apoptotic Bcl-2 family proteins varied between PaCa cell lines. Mcl-1 knock-down resulted in marked cleavage of PARP and induction of apoptosis. Down-regulation of Bcl-2 or Bcl-xL had a much weaker effect. Simultaneous knockdown of Bcl-xL and Mcl-1 strongly induced apoptosis, but simultaneous knock-down of Bcl-xL/Bcl-2 or Mcl-1/ Bcl-2 had no additive effect. The apoptosis-inducing effect of simultaneous knock-down of Bcl-xL and Mcl-1 was associated with translocation of Bax from the cytosol to the mitochondrial membrane, cytochrome c release, and caspase activation. These results demonstrated that Bcl-xL and Mcl-1 play an important role in pancreatic cancer cell survival. Targeting both Bcl-xL and Mcl-1 may be an intriguing therapeutic strategy in PaCa.
Introduction
Of all gastrointestinal carcinomas, pancreatic cancer (PaCa) has the most unfavorable prognosis. Surgical resection is the only possible curative treatment for PaCa, but the 5-year survival rate of all patients is below 5% [1] . One reason for the notoriously dismal prognosis of pancreatic cancer is the resistance to currently available chemotherapeutic drugs. Although gemcitabine has been the approved drug of choice in the treatment of pancreatic cancer, its efficacy is weak and the improvement of overall survival is marginal. Anti-apoptotic members of the Bcl-2 protein family are often over-expressed in human cancers and are thought to mediate the resistance to chemotherapeutic drugs. Thus, a better understanding of the anti-apoptotic mechanisms and the development of potent and non-toxic strategies to overcome the pro-survival mechanisms in PaCa cells are of utmost importance to improve the outcome of PaCa patients.
We previously reported that the polyphenol baicalein induced apoptosis through down-regulation of Mcl-1 in PaCa cells [2] . Mcl-1 is one of the anti-apoptotic Bcl-2 family proteins. The Bcl-2 family protein consists of anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1) and proapoptotic proteins that include multi-domain molecules Bak and Bax, and the BH3-only proteins Bad, Bid, Bim, Puma, and Noxa [3] . Oligomerization of multi-domain molecules Bak and Bax is the key event on apoptosis; once oligomerization of Bak or Bax occurred, cytochrome c is released from the mitochondrial outer membrane to the cytosol, where it binds to apoptotic protease-activating factor-1 (APAF-1) and caspase-9, thereby activating the caspase activation cascade [4] . Since anti-apoptotic Bcl-2 family proteins can stabilize Bak or Bax activation, anti-apoptotic Bcl-2 family proteins are recognized as important mediators of cell death. Recently, the anti-apoptotic proteins Bcl-xL and Mcl-1, but not Bcl-2, have been reported to cooperatively protect cells from death stimuli in several cancer models [5, 6] . The importance of Bcl-xL and Mcl-1 on drug-induced apoptosis is increasingly recognized, but very little is known about their role in PaCa.
Here, we show that simultaneous knock-down of Bcl-xL and Mcl-1 robustly induced apoptosis through the Bax pathway in PaCa cells. These data provide the basis for future mechanistic studies on the role of Bcl-2 family proteins in PaCa and may help to develop novel therapeutic strategies aiming at the Bcl-xL/Mcl-1 pathway.
Cell culture
The human PaCa cell lines, BxPC-3, HPAF-II, Capan-2, AsPC-1, MIA PaCa-2, and Panc-1 were obtained from the American Type Culture Collection (ATCC, Rockville, MD) and cultured as described previously [7] .
2.3. Transfection of siRNA siGENOME SMARTpool against Bcl-2, Bcl-xL, Mcl-1, and Bax as well as siGENOME Non-Targeting Pool (#2) were purchased from Dharmacon (Lafayette, CO). One day before siRNA transfection, cells were seeded into 6-well tissue culture plates and incubated overnight at 37°C without antibiotics. Cells were transfected with siRNA (final concentration of 20 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Five hours after transfection, medium was changed to serum free DMEM or RPMI and cells were incubated for another 24 h.
DNA fragmentation assay
DNA fragmentation was measured as described previously [8] . Briefly, cells (5 × 10 5 ) were transfected with siRNA targeting Bcl-2, Bcl-xL, Mcl-1, and their combinations. DNA fragmentation was analyzed using the Cell Death Detection ELISA Plus kit (Roche) according to the manufacturer's instructions. The extent of apoptosis was presented as a fold (mU of the treated cells/mU of the non-treated cells).
Hoechst 33258 staining
To assess changes in nuclear morphology during apoptosis, staining using fluorescent Hoechst 33258 (Invitrogen, Carlsbad, CA) was performed. Cells were seeded into Lab-Tek® II Chamber Slide™ System (Nalgene Nunc International, Naperville, IL) and incubated overnight at 37°C. Medium was changed to serum-free condition. Cells were transfected with Bcl-xL and Mcl-1 siRNA or control siRNA as described above, fixed with 4% paraformaldehyde in PBS for 30 min at room temperature, and stained with Hoechst 33258 for 15 min. Slides were mounted with VECTASHIELD (Vector Laboratories Inc., Burlingame, CA), and were observed under a fluorescence microscope (Nikon, Eclipse 90i, Tokyo, Japan). Apoptotic nuclei were identified by morphologic changes such as chromatin condensation and nuclear fragmentation.
Cell lysates
Total cell lysates were collected as described previously [9] . Protein concentration was measured by the BCA Protein Assay Kit (Pierce, Rockford, IL). For preparation of mitochondrial and cytosolic fractions, we used a mitochondria extraction kit (Pierce) according to the manufacturer's instructions. Cells were re-suspended in lysis buffer, and then disrupted by 80 strokes with a Dounce homogenizer. Homogenates were centrifuged at 1000 ×g for 10 min to pellet nuclei and cell debris. Supernatants were subsequently centrifuged at 16,000 ×g for 15 min, and the cytosolic fractions (supernatants) were collected. Pellets (heavy membranes enriched with mitochondria) were lysed in RIPA buffer. To determine the quality of cytosolic and mitochondrial separation, both fractions were assessed by immunoblotting for the mitochondrial marker cox-IV.
Western blot analysis
Western blot was performed as described previously [10] . Briefly, an equal amount of protein was fractionated on sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were incubated with 5% skim milk in TBS-T (0.1% Tween 20) for 1 h at room temperature to block nonspecific binding and incubated with specific primary antibodies in TBS-T containing 3% skim milk overnight at 4°C. Proteins were detected using horseradish peroxidase-conjugated secondary antibodies (Pierce). Protein-antibody complexes were visualized with the SuperSignal West Pico Chemiluminescent Substrate or with the SuperSignal West Femto Chemiluminescent Substrate (Pierce).
Statistical analysis
Data are presented as means ± SD, and statistical comparisons were made using the Student's t test for paired observations. Comparisons of more than two groups were made by a one-way ANOVA with post hoc Holm-Sidak analysis for pairwise comparisons and comparisons versus control. An alpha value of 0.05 was used to determine significant differences. All statistics were done in SigmaStat 3.1 (Systat Software, Inc.).
Results

Endogenous expression of anti-apoptotic Bcl-2 family proteins in PaCa
Since the anti-apoptotic Bcl-2 family proteins play a major role in the protection against DNA damage-induced apoptosis via the mitochondrial pathway [11, 12] , we first sought to determine the endogenous expression of anti-apoptotic Bcl-2 family proteins in PaCa cell lines. Mitochondrial and cytosolic fractions were collected after 24 h serum deprivation. Subcellular fractionation demonstrated that Bcl-2, Bcl-xL, and Mcl-1 proteins are mainly located at the mitochondrial membrane in untreated PaCa cells (Fig. 1) . The expression of anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1) varied between six PaCa cell lines. Bcl-2 was expressed in MIA PaCa-2 and Panc-1 cells, but virtually undetectable in other cell lines. Bcl-xL was almost equally expressed in six cell lines. Mcl-1 was detected in BxPC-3, MIA PaCa-2, Capan-2, and Panc-1 cells, and was weakly expressed in HPAF-II, but was not detected in AsPc-1 cells.
Simultaneous knock-down of Bcl-xL and Mcl-1 strongly induces apoptosis in PaCa cells
We next investigated the importance of specific anti-apoptotic Bcl-2 family proteins on PaCa cell survival. First, we transfected PaCa cells with siRNA targeting Bcl-2, Bcl-xL, and Mcl-1. Transfection with siRNAs reduced their protein expression in three PaCa cell lines ( Fig. 2A) . Mcl-1 knock-down resulted in significant induction of DNA fragmentation in BxPC-3 and MIA PaCa-2 cells, but this effect was not detected in Panc-1 cells (Fig. 2B) . On the other hand, down-regulation of Bcl-2 or Bcl-xL protein expression had no measurable effect on inducing apoptosis in PaCa cells. However, simultaneous knock-down of Bcl-xL and Mcl-1 very strongly induced DNA fragmentation in all cell lines (Fig. 2B) . In contrast, simultaneous knock-down of Bcl-xL and Bcl-2 (data not shown) or Mcl-1 and Bcl-2 had no additional effect over Mcl-1 knockdown alone. We further confirmed that simultaneous knock-down of Bcl-xL and Mcl-1 induced apoptosis by detecting typical nuclear morphological changes, such as chromatin condensation and nuclear fragmentation, consistent with apoptosis (Fig. 2C) . [13, 14] . Hence, we examined whether Bcl-xL and/or Mcl-1 knockdown sensitizes PaCa cells to gemcitabine. As shown in Fig. 3A , gemcitabine (1 μg/ml) had apoptosis-inducing effect in BxPC-3 cells, but the effect was much weaker in MIA PaCa-2 cells. Knock-down of Bcl-xL had no effect on apoptosis in untreated MIA PaCa-2 cells, but slightly enhanced the cell death-inducing effects of gemcitabine in this cell line (Fig. 3A) . Bcl-xL knock-down had no effect in untreated and gemcitabine-treated BxPC-3 cells. Mcl-1 knock-down alone showed a more robust apoptosis-inducing effect than Bcl-xL knock-down plus gemcitabine in both cells. However, Mcl-1 knock-down did not enhance gemcitabine toxicity in both cells. Simultaneous knock-down of Bcl-xL and Mcl-1 induced apoptosis substantially, and this effect was much more robust than gemcitabine plus Bcl-xL or Mcl-1 knock-down. However, again, adding gemcitabine to cells, in which Mcl-1 and Bcl-xL are downregulated, had no further effect on apoptosis (Fig. 3A) . These effects were also confirmed by Western blot (Fig. 3B ) detecting total and cleaved PARP. (Fig. 2B, C) . Furthermore, the pan-caspase inhibitor zVAD-fmk (100 μM) completely reversed Bcl-xL/Mcl-1 knock-down-induced DNA fragmentation as well as the cleavage of PARP in both cell lines (Fig. 4B) . Because it has been c release into the cytosol is the key event in apoptosis, which leads to the activation of downstream caspases, we next investigated the release of cytochrome c. Bcl-xL/Mcl-1 knock-down induced cytochrome c release from the mitochondria (as evident by a decrease of mitochondrial cytochrome c and an increase in cytosolic cytochrome c) in both cells (Fig. 4C) .
Bax knock-down diminishes the effect of simultaneous knock-down of Bcl-xL and Mcl-1 on apoptosis in pancreatic cancer cells
Since activation of the multi-domain molecule Bax (conformational change, mitochondrial translocation, and oligomerization) leads to cytochrome c release from mitochondria [16] , we decided to investigate the effect of Bcl-xL/Mcl-1 knock-down on Bax activation. In this regard, we first measured the effect of Bcl-xL/Mcl-1 knock-down on Bax expression. As shown in Fig. 5A , Bcl-xL/Mcl-1 knock-down did not change Bax expression in whole cell lysates. Next, we investigated whether Bcl-xL/Mcl-1 knock-down induces Bax mitochondrial translocation. As shown in Fig. 5B , Bcl-xL/Mcl-1 knock-down clearly induced Bax translocation from the cytosol to the mitochondria in both cell lines. To further confirm the importance of Bax on apoptosis induced by Bcl-xL/Mcl-1 knock-down, we used siRNA against Bax. Bax knockdown partially reversed the induction of apoptosis by Bcl-xL/Mcl-1 knock-down (Fig. 5C) , indicating that Bax activation may be responsible, at least in part, for the dramatic induction of apoptosis by the simultaneous knock-down of Bcl-xL and Mcl-1.
Discussion
One reason for the dismal prognosis of patients with PaCa and the inefficiency of most chemo-and radio-therapeutic regimens is the strong resistance of PaCa cells to cell death. Anti-apoptotic Bcl-2 family proteins have been reported to protect cells from death stimuli in several cancer models. In this regard, we previously reported that Mcl-1 is an important factor in PaCa cell survival [2] . However, Mcl-1 knock-down failed to increase cell death in Panc-1 cells in this and a previous report [17] , suggesting that additional factors may be important as well. In this study, we provide strong evidence that Mcl-1 and Bcl-xL, and not Bcl-2, play a critical role in PaCa cell death mechanisms. This result was consistent with previous reports that simultaneous knock-down of Bcl-xL and Mcl-1 by siRNA resulted in marked induction of apoptosis in chemoresistant ovarian carcinoma and methothelioma cell lines [18, 19] . However, no report has to our knowledge described the efficacy of simultaneous knockdown of Bcl-2 family proteins in pancreatic cancer cells. Our data suggest that simultaneous Bcl-xL and Mcl-1 knockdown significantly induces apoptotic cell death in pancreatic cancer cells through a Bax-mediated mechanism. But, how does Bcl-xL and Mcl-1 knockdown induce Bax translocation? Bax is a strong multi-domain pro-apoptotic protein that resides in the cytoplasm as inactive monomer in healthy cells. Upon apoptotic stimuli, Bax undergoes conformational change leading to translocation from cytoplasm to mitochondria [20] . Similar to our results, it has been reported that Mcl-1 knock-down by siRNA induced Bax translocation to mitochondria in oral squamous cell carcinoma cells [21] . These results indicated that the loss of Mcl-1 itself can modulate the subcellular distribution of Bax. In this regard, activator BH3-only proteins, especially Bim and Bid, might play an important role. It has been reported that activator BH3-only proteins can bind both Bcl-xL and Mcl-1, and activator BH3-only proteins that were freed from Bcl-xL and Mcl-1 can directly activate Bax [22] .
However, the effect of Bax knock-down on reversing apoptosis induced by Bcl-xL/Mcl-1 knockdown was only partial. Previous reports using BH3-mimetics (e.g. ABT-737 and obatoclax) showed that Mcl-1 and Bcl-xL cooperate to sequester the pro-apoptotic multidomain protein Bak and prevent its activation [23, 24] . Since we confirmed that Bak binds with Bcl-xL and Mcl-1 on the mitochondrial membrane in BxPC-3 and MIA Paca-2 cells [2] , it is plausible that Bak, as well as Bax (as shown in the present study), might play an important role.
It has been reported that anti-apoptotic Bcl-2 family proteins control Bak and Bax activation by direct or indirect mechanisms in cooperation with BH3-only proteins [3] . In the indirect model, Bcl-xL and Mcl-1 bind to Bak not Bax in mouse embryo fibroblast (MEF) cells. Cytotoxic signals activate a combination of BH3-only proteins that can displace Bak from Bcl-xL and Mcl-1 to undergo conformational changes required for Bak activation. In the direct model, activator BH3-only proteins can directly bind and activate Bak or Bax. On the other hand, anti-apoptotic proteins also can bind to activator BH3-only proteins as well as sensitizer BH3-only proteins. Thus, the degree to which BH3-only proteins ultimately influence cellular apoptosis appears to be dependent on the delicate balance between anti-apoptotic proteins and the BH3-only proteins. In this regard, genetic knock-down of Bcl-xL and Mcl-1, as well as BH3-mimetic molecules, seems to be a promising approach in PaCa cells. In this report, we showed the endogenous expression and localization of anti-apoptotic Bcl-2 family proteins. Bcl-xL and Mcl-1 were highly expressed in PaCa cell lines, while Bcl-2 was detected only in MIA PaCa-2 and Panc-1 cells. Similar to our results, the expression of Bcl-2, Bcl-xL, and Mcl-1 in human PaCa tissues was reported at 23-25%, 90%, and 90%, respectively [25] . This also suggests that Bcl-xL and Mcl-1, but not Bcl-2, may be an intriguing therapeutic target in PaCa.
Anti-apoptotic Bcl-2 family proteins have been reported to correlate with chemo-resistance in human malignancies [26, 27] . In contrast to our data, Wei and colleagues reported that Mcl-1 down-regulation enhanced the chemo-sensitivity to gemcitabine in PaCa cells [28] . However, our data demonstrated that gemcitabine could not augment the cell death induced by the knockdown of Mcl-1 and/or Mcl-1/Bcl-xL. It may be caused by different levels of down-regulation of Mcl-1 protein in both studies. Simultaneous knock-down of Bcl-xL and Mcl-1 was clearly superior in inducing apoptosis than gemcitabine alone or a combination of gemcitabine with a knock-down of a single anti-apoptotic protein.
These results indicate that Bcl-xL and Mcl-1 may be bona fide therapeutic targets in pancreatic cancer independent of gemcitabine and may not only function as chemo-sensitizers.
Today, some therapeutic approaches have been reported to be aimed at abrogating the protective function of anti-apoptotic Bcl-2 family proteins. It has been described that certain BH3-mimetics can bind to and functionally inhibit Bcl-2 family proteins. The Bcl-2 antagonist ABT-737 targets Bcl-2 and Bcl-xL, but not Mcl-1, which may confer resistance to this agent. Down-regulation of Mcl-1 by siRNA or pharmaceutical drugs has been reported to potentiate ABT-737 lethality in human leukemia and melanoma cells [23, 29] . Similarly, Okumura et al. reported that Noxa induction sensitizes Mcl-1 expressing human colorectal cancer cells to ABT-737 [30] . Another pan-Bcl-2 inhibitor, obatoclax (GX15-070) has also been reported to antagonize Mcl-1 and overcome Mcl-1 mediated resistance to apoptosis [24] . These observations are in accordance with our results showing that Bcl-xL and Mcl-1 cooperatively play a critical role in pancreatic cancer cell apoptosis. In addition to small molecule drugs, siRNA-based therapy is another promising therapeutic approach. Although the design and delivery system of siRNAs has not been established yet [31] , siRNA based therapy has made remarkable progress and siRNA-based therapy in vivo has been reported in recent years [32] [33] [34] .
In summary, these findings reinforce the notion that disruption of a single anti-apoptotic protein, i.e. Bcl-xL or Mcl-1, may not be optimal for efficiently inducing cell death in pancreatic cancer cells. Instead, our data clearly suggest that reducing the expression of both antiapoptotic proteins should be the goal.
